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r responsibility ofAbstract Rare earth nanoparticles (RENPs) have great superiority as luminescent materials for broad
applications, and a prerequisite for most of their application is to obtain hydrophilic RENPs with efﬁcient
luminescence and small diameter (o10 nm). To address this problem, we report a facile one-pot
sonochemical route with tetraethylene glycol as the solvent and tetraﬂuoroborate-based ionic liquid as the
ﬂuorine source for the synthesis of LaF3:Ce,Tb as the model of RENPs. LaF3:Ce,Tb nanoparticles with
the diameter of about 6 nm were prepared in a very short ultrasound time (10 min). Fourier transform
infrared spectrum reveals the presence of tetraethylene glycol ligands on their surface, which confers high
solubility of LaF3:Ce,Tb nanoparticles in water. Under 254 nm UV excitation, the aqueous dispersion of
LaF3:Ce,Tb nanoparticles exhibits strong green emission with luminescent quantum yield of 50%. This
work probably contributes to not only the fundamental research of shape-controlled LaF3:Ce,Tb
nanoparticles but also new methods of producing other RENPs for broad applications.
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Chinese Materials Research1. Introduction
Rare earth luminescent materials (RELMs) have played an
outstanding role as phosphors in a wide variety of applications
[1], including display monitors [2], solid-state lasers [3], ﬂat-
panel displays [4] and solar cells [5,6]. As for biological
applications, RELMs with down/up-conversion emission have
exhibited many advantages over conventional ﬂuorescent
materials (dyes and quantum dots), such as sharp absorptionn and hosting by Elsevier Ltd. All rights reserved.
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stability, low toxicity, [7,8]. Recently, based on luminescent
properties of RELM, we have also reported a highly sensitive
DNA nanosensor [9] and 980-nm laser-driven photovoltaic cells
as a kind of novel biological electrical source [10]. Generally,
most of biological applications require hydrophilic RELMs with
bright luminescence and small diameter (o10 nm) [11,12].
For obtaining hydrophilic rare earth nanoparticles (RENPs),
there are chieﬂy two kinds of synthetic strategies. Strategy one is
the two-step controllable synthesis method, and the ﬁrst step is to
prepare RENPs with hydrophobic organic ligands (such as oleic
acid, oleylamine), for example, by the hydrothermal route assisted
with oleic acid [13–15], thermolysis of rare earth [12,16,17]. By
tuning reaction parameters, hydrophobic RENPs with small
diameter (o10 nm) can be obtained [12]. The second step is to
convert the hydrophobic RENPs into hydrophilic ones [18], for
example, by SiO2/amphiphilic copolymer encapsulation [19,20],
ligand exchange [21], and simple ligand-oxidation strategy devel-
oped by us [9]. However, these two-step methods are relatively
complicated and have high cost. Strategy two is the one-pot
synthesis of hydrophilic RENPs, for example, by hydrothermal
synthesis assisted with hydrophilic polymer [22], reverse
microemulsion-solvothermal route [23]. We have also developed
the glycol-mediated solvothermal synthesis methods for obtaining
hydrophilic RENPs with efﬁcient luminescence [24,25]. These
one-pot synthesis strategies are simple, but most of strategies need
high temperature (4120 1C) and long time (430 min), and the
fabricated hydrophilic RENP have relatively large sizes
(410 nm). Thus, it remains a primary objective to develop a
facile synthesis method for one-step preparation of hydrophilic
RELM with bright luminescence and small diameter (o10 nm).
Currently, sonochemical processing is found to be facile
and efﬁcient for the preparation of various nanostructures at
room temperature and atmosphere pressure [26,27]. Several
groups have reported the sonochemical synthesis of CeF3 and
rare earth-doped CeF3 nanocrystals from the aqueous solution
containing rare earth ions and different ﬂuorine sources
(KBF4, NaF, NH4F), but most of these nanocrystals also
have relatively large sizes (410 nm) [28,29]. Herein, to obtain
hydrophilic RENPs with efﬁcient luminescence and small
diameter (o10 nm), we report a facile one-pot sonochemical
route by using LaF3:Ce,Tb as the model of RENPs, with
tetraethylene glycol (TEG) as the solvent and 1-butyl-3-
methylimidazolium tetraﬂuoroborate (BMI BF4) as ﬂuorine
source. This synthesis route does not require high temperature
and long time, and LaF3:Ce,Tb nanoparticles with the
diameter of about 6 nm were prepared in a very short
ultrasound time (10 min). They can be easily dispersed in
water due to the presence of TEG ligands. Importantly, the
aqueous dispersion of LaF3:Ce,Tb nanoparticles exhibits
strong green emission under 254 nm UV excitation.2. Experimental section
All reagents were analytically pure and used without further
puriﬁcation. 0.5 mmol Ln(NO3)3  6H2O (Ln¼40 mol% La,
45 mol% Ce, 15 mol% Tb) was dissolved in TEG under stirring
for 2 h to form a clear solution. Then 1 mL BMI BF4 was added
to the above solution. After stirred for several minutes, the
resulting solution was irradiated with high-intensity ultrasound
(400 W, 20 KHz, on/off¼2 s/1 s) at room temperature for10 min. During the irradiation, the temperature of the reaction
mixture rose to about 100 1C. After irradiation, white precipi-
tates were collected by centrifugation at 10,000 rpm, and washed
with ethanol several times to remove impurities. Finally, the
precipitates were dried under vacuum.
Size and microstructure of the samples were determined by
a high resolution transmission electron microscope (HRTEM;
JEM-2010F). Dynamic light scattering (DLS) experiment was
performed at room temperature on a Malvern Zetasizer Nano
ZS equipped with 50 mW 533 nm laser and a digital auto-
correlator. X-ray diffraction (XRD) measurement was made
with a Bruker D4 X-ray diffractometer using Cu Ka radiation
(l¼0.15418 nm). Fourier transform infrared (FTIR) spectrum
was measured using an IRPRESTIGE-21 spectrometer (Shi-
madzu) using the KBr pressed pellets. Luminescence spectrum
was measured by using a JASCO FP-6600 spectrometer.3. Results and discussions
The atom O in TEG molecular has excellent coordination
abilities with metal ions, and coordination bonds between
Ln3þ ions and the O atoms of TEG could be formed after
Ln(NO3)3  6H2O were dissolved in TEG. When the TEG
precursor solution containing Ln3þ ions and BMI BF4 was
irradiated with high intensity ultrasound, acoustic cavitations
(the formation, growth, and implosive collapse of the bubbles)
could provide very high temperatures (45000 K), high pres-
sures (420 MPa), and cooling rates in excess of 109 K/s [30].
Such high energy and remarkable environments under ultra-
sonic irradiation favored the partial hydrolyzation of BF4

ions of BMI BF4 to produce F ions, which is similar to the
previous report [31,32]. Under this condition, F ions would
react with Ln3þ ions to produce LaF3:Ce,Tb nanoparticles
with high crystallinity, as demonstrated in Fig. 1. In the course
of the reaction, TEG molecules were coated onto the outer
face of the in-situ generated LaF3:Ce,Tb nanoparticles
through the interaction between Ln3þ ions and the O atoms
of TEG molecular chain. After ultrasonic irradiation for
10 min, 0.08 g LaF3:Ce,Tb sample was collected, indicating
an excellent yield (80%) and high productivity.
Fig. 2a and b present representative TEM images of
LaF3:Ce,Tb sample. The low-resolution TEM image illustrates
that LaF3:Ce,Tb sample is well-dispersed irregular nanoparti-
cles with a mean diameter of 6 nm, as demonstrated in the
particle size distribution analysis (Fig. 2c). DLS analysis
(Fig. 2d) further indicates that most of LaF3:Ce,Tb nanoparticles
in aqueous solution are about 8.4 nm in diameter with excellent
dispersion, and only a very small amount of LaF3:Ce,Tb
aggregates of diameter 18 nm can be observed. It should be
noted that the diameter (8.4 nm) determined by DLS experiment
is slightly larger than that (6 nm) by TEM images, since the
DLS measured diameter includes the stabilizers bound to the
nanoparticles (even if they are not seen by TEM). The high
degree of dispersibility may indicate that the surface of the nuclei
is covered by TEG medium right after formation, which limits
the growth of particles and stabilizes them against agglomera-
tion. The high-resolution TEM image (the inset of Fig. 2b)
demonstrates that the nanoparticle is single crystal, and the
lattice fringes are indicative of the high crystallinity. The
distances between lattice fringes were measured to be 0.32 nm,
which corresponds to the d spacing of the (111) lattice planes in
Fig. 1 Synthesis mechanism of hydrophilic RENPs (LaF3:Ce,Tb).
Fig. 2 TEM and HRTEM images (a,b), particle size distribution determined by TEM measurement, (c) and dynamic light scattering (d).
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structure.
In addition, Fig. 3 shows XRD pattern of LaF3:Ce,Tb sample
as well as the standard data for CeF3 and LaF3, and the result
indicates that LaF3:Ce,Tb sample crystallized well. Obviously,
the XRD pattern of LaF3:Ce,Tb sample is in good agreement
with hexagonal phase structure known from the bulk LaF3
(JCPDS card 32-0483) and CeF3 (JCPDS card 08-0045) crystals,and no obvious shift is observed for the diffraction peaks due to
the very similar lattice constants between LaF3 and CeF3. The
crystallite size can be estimated from the Scherrer equation,
D¼0.90l/b cos y, where D is the average grain size, l is the X-
ray wavelength (0.15405 nm), and y and b are the diffraction
angle and full-width at half-maximum of an observed peak,
respectively [33]. The strongest peak (111) at 2y¼27.81 was used
to calculate the average crystallite size (D) of these nanoparticles.
Fig. 3 XRD pattern of LaF3:Ce,Tb nanoparticles. The standard
patterns of hexagonal LaF3 (JCPDS card 32-0483) and CeF3
(JCPDS card 08-0045) phases are also supplied.
Fig. 4 FTIR spectrum of LaF3:Ce,Tb nanoparticles.
Fig. 5 Luminescent spectrum of aqueous dispersion containing
LaF3:Ce,Tb nanoparticles under 254 nm UV excitation. The inset
shows the luminescent photo of the aqueous dispersion.
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cles is around 7 nm, which is close to the value in the particle size
distribution calculated from TEM image.
Surface functional groups of LaF3:Ce,Tb nanoparticles are
important for their biological applications. The capping ligand
on their surface was identiﬁed by FTIR spectrum (Fig. 4). The
sample exhibits a broad band (3700–2600 cm1) centered at
3410 cm1, due to the O–H stretching vibration of adsorbed
water and/or TEG. The bands at 1638 cm1 should be related
to the bending modes of the hydroxyls of adsorbed water [24].
The bands at about 1080 cm1 is corresponding to C–O
stretching vibration coordinating to metal cations. Based on
the above results, it is concluded that there are TEG ligands
on the surface of LaF3:Ce,Tb nanoparticles.
As a result of the presence of TEG ligands on their surface,
LaF3:Ce,Tb nanoparticles could be readily dispersed in water,
and the aqueous dispersion show strong green emission under
254 nm UV excitation (the inset of Fig. 5). The luminescent
spectrum of the aqueous dispersion under 254 nm UV excitation
is recorded in Fig. 5. Obviously, there are a very weak emission
of Ce3þ (300–400 nm) and several typical strong emission bands
of Tb3þ (460–650 nm). This indicates that an energy transfer
from Ce3þ to Tb3þ occurs in the LaF3:Ce,Tb nanoparticles, as
observed in the bulk powder materials and the previously
reported CeF3:Tb [33] and LaF3:Ce,Tb [34,35] nanoparticles.
The emission of Tb3þ is due to transitions between the excited
5D4 state and the
7FJ (J¼6–3) ground states of Tb3þ ions. Noemission from the higher 5D3 level is observed due to a cross
relaxation effect at the high Tb3þ concentration [33]. The
luminescent quantum yield of the LaF3:Ce,Tb nanoparticles
reaches 50% by using Rhodamin 6G as the standard reference,
which is similar to that of sample prepared by a microﬂuidic
reactor [35] and results from an efﬁcient energy transfer from
Ce3þ to Tb3þ in the highly crystallized particles.4. Conclusions
Ultrasmall LaF3:Ce,Tb nanoparticles with size of about 6 nm
have been prepared by a facile one-pot sonochemical route
with TEG as the solvent and BMI BF4 as the ﬂuorine source.
They are hydrophilic and can be easily dispersed in water due
to the presence of TEG ligands. Furthermore, the aqueous
dispersion of LaF3:Ce,Tb nanoparticles exhibits strong green
emission with high quantum yield of 50% under 254 nm UV
excitation, and therefore has great superiority as luminescent
materials for broad applications.
Importantly, our sonochemical route is very simple, and
does not need high temperature and long reaction time.
Moreover, this procedure is not limited to hydrophilic LaF3:-
Ce,Tb nanoparticles, and it may easily be applied to other
hydrophilic rare earth nanoparticles (such as NaYF4: Yb,Er).
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